We describe electromagnetic and favored α-transitions to rotational bands in odd-mass nuclei built upon a single particle state with angular momentum projection Ω = 1 2 in the region 88 ≤ Z ≤ 98. We use the particle coupled to an even-even core approach described by the Coherent State Model (CSM) and the coupled channels method to estimate partial α-decay widths. We reproduce the energy levels of the rotational band where favored α-transitions occur for 26 nuclei and predict B (E2) values for electromagnetic transitions to the bandhead using a deformation parameter and a Hamiltonian strength parameter for each nucleus, together with an effective collective charge depending linearly on the deformation parameter. Where experimental data is available, the contribution of the single particle effective charge to the total B (E2) value is calculated. The Hamiltonian describing the α-nucleus interaction contains two terms, a spherically symmetric potential given by the double-folding of the M3Y nucleon-nucleon interaction plus a repulsive core simulating the Pauli principle and a quadrupole-quadrupole (QQ) interaction. The α-decaying state is identified as a narrow outgoing resonance in this potential. The intensity of the transition to the first excited state is reproduced by the QQ coupling strength. It depends linearly both on the nuclear deformation and the square of the reduced width for the decay to the bandhead, respectively. Predicted intensities for transitions to higher excited states are in a reasonable agreement with experimental data. This formalism offers a unified description of energy levels, electromagnetic and favored α-transitions for known heavy odd-mass α-emitters.
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I. INTRODUCTION
A brief overview of the α-emission process in eveneven nuclei is helpful for the understanding of the more complex situation in odd-mass emitters.
In the case of transitions to excited states, the singleparticle levels around the Fermi surface play the dominant role and the corresponding decay widths are very sensitive to the structure of the daughter nucleus [1, 2] . An important problem is the study of the α-daughter interaction. One of the most popular approaches is the double folding procedure [3] . This method has been used together with the coupled channels approach and a repulsive core simulating the Pauli principle in order to study the α-decay fine structure in transitional and rotational even-even nuclei [4] . For a thorough study of the structure and α-emission spectrum in vibrational, transitional and rotational even-even nuclei, see Ref. [5] .
Several calculations for the fine structure of the emission spectrum have already been made in the case of odd-mass α-emitters. For example, in Ref. [7] a multichannel cluster model together with the coupled channels equation is used to calculate branching ratios to excited states for favored transitions in heavy emitters, in the region 93 < Z < 102. In Ref. [8] , a microscopic method is employed with a Skyrme SLy4 effective interaction. Starting from the Hartree-Fock-Bogoliubov vacuum and quasiparticle excitations, the α-particle formation amplitude is calculated for the α-decay to various channels mostly in the 84 < Z < 88 region. Several unfavored transitions are treated in this paper and predictions are made for the properties of the g.s.→g.s. α-trasition in odd-mass superheavy nuclei. The unfavored g.s.→g.s. α-decay in odd-mass nuclei in the region 64 ≤ Z ≤ 112 is also treated in Ref. [9] , with the purpose of investigating the effect of the difference in the spin and parity of the ground states on the α-particle and daughter nucleus preformation probability. The calculations are done in the framework of the extended cluster model, with the Wentzel-Kramers-Brillouin penetrability and assault frequency, together with an interaction potential computed on the basis of the Skyrme SLy4 interaction.
In the current paper, we expand the method previously used in Ref. [5] for the even-even case by allowing the coupling of an odd-particle to a core described by a coherent function. We study the energy levels and electromagnetic transition rates of this nucleus and then couple an α-particle to it in order to describe the emission spectrum for the case of favored transitions. Our method is to employ an (I, l) coupling procedure in the laboratory frame, between the angular momentum I of the daughter nucleus and the orbital angular momentum l of the α-particle, similar to Nilsson's original (I, j) coupling method for the description of nuclear spectra in the intrinsic frame [6] , where j is the angular momentum of the odd particle. We show that using a small basis having a single value for l in each channel, we can use a QQ α-daughter interaction to generate simultaneously resonant states of even or odd parity at the same reaction energy and QQ coupling strength. The partial decay widths obtained this way are in good agreement with the available experimental data.
II. THEORETICAL BACKGROUND
In this section we present the theoretical tools required for the calculation of energy levels and electromagnetic transition rates for odd-mass nuclei, as well as the coupled-channels method that is applied to the study of the fine structure of the α-emission spectrum.
II.1. Nucleon coupled to a coherent state core
A description of the surface dynamics of a deformed even-even nucleus was proposed for the first time in Refs. [10, 11] by using a coherent state of quadrupole bosons. A generalization to all types of low-energy collective motion was proposed in Refs. [12, 13] and was extensively developed in Refs. [14, 15] as the coherent state model (CSM). A review paper on this topic is available in Ref. [16] , as well as in the textbook [17] . Here, we will present in a concise manner the main ideas of the model, and then extend them to the coupling of an additional nucleon to the even-even core. The final goal is to describe a rotational band built upon a given single-particle state of the odd nucleon.
We begin by assuming that the intrinsic state of an axially deformed even-even nucleus is given by a coherent superposition of quadrupole bosons b † 2µ with µ = 0
where |0 is the phonon vacuum and the quantity d is called deformation parameter [14] . The physical states that define the ground band are obtained by angular momentum projection
is the norm of the projected state, given by the formula
in terms of the Legendre polynomial P J .
For an odd-mass nucleus, the state of total angular momentum I and projection M is given by projecting out the product between the coherent state (1) and the single particle state ψ jm , where j is a shorthand notation for all of the quantum numbers of the state, that is
A straighforward calculation leads to the following result
with normalization coefficients X Jj I given by
where the bra-ket product denotes a Clebsch-Gordan coefficient and Ω is the fixed z-projection of the singleparticle angular momentum j. More details on this procedure can be consulted in Ref. [18] . The states built upon the bandhead I = j = Ω that follow the sequence I = Ω, Ω + 1, Ω + 2, . . . constitute a rotational band. In the Nilsson model, these states are labeled by the set Ω π [N n z Λ], where π is the parity, N is the principal quantum number, n z the number of nodes of the radial wavefunction in the z direction and Λ the projection of the single-particle orbital angular momentum. The last three numbers act only as labels, as the good quantum numbers are only Ω and π.
The simplest Hamiltonian that can describe such a rotational structure consists of two terms [18] :
where by dot we denoted the scalar product. A 1 is a strength parameter required to fit experimental data and A 2 is the strength of the particle-core QQ interaction. For a given ladder operator a l , we havẽ
For the description of the rotational band the only relevant parameter is A 1 due to the fact that the particlecore term is common. Instead of solving the eigenvalue problem by a full diagonalization procedure, a simpler approach, involving the analytical expression for the diagonal matrix elements of the Hamiltonian (9) in the basis of Eq. (7) suffices:
with f jΩI given by
in terms of the function
The shape of such a spectrum is dependent both on the deformation parameter and on the value of Ω, as can be seen in Fig. 1 .
While this approach is adequate for the purpose of this paper, if a greater precision in the description of the nuclear energy spectrum is required, then more terms can be added to the Hamiltonian (9), as shown in Ref. [18] . Let us also mention that the development presented here and expanded upon in Ref. [18] is appropriate for any rotational band built upon an angular momentum projection Ω = 1 2 . The special case Ω = 1 2 requires a modification of the formalism and will be treated in a future paper.
II.2. Electromagnetic transitions
The B (E2) values of electric quadrupole transitions follow from both collective and single particle contributions
+ 1
where q c 0 and q sp 0 are effective charges. The collective quadrupole transition operator has both harmonic and anharmonic contributions
with a q the anharmonic strength. Its reduced matrix elements on the states of the core are
with q ef f given by a linear formula in d
The single particle quadrupole transition operator has the occupation number representation
Explicit expressions for the matrix elements of these operators over the states of the odd-mass nucleus follow from the above results and the use of standard angular momentum algebra. For our particular case of fixed j, the final formulas are
with W a Racah coefficient. All reduced matrix elements are defined in the usual convention
II.3. α-emission in the coupled channels approach
The decay phenomenon of interest connects the ground state of the parent nucleus of angular momentum I P to an excited state of angular momentum I of the daughter and an α-particle of angular momentum l, in such a way that the total angular momentum I P is conserved:
An important remark is that both the initial state of the parent and the final state of the daughter are built upon the same single particle orbital j. This is known as a favored α-transition, due to the fact that it usually has a large branching ratio. The situation where the initial and final single particle orbitals are different is known as an unfavored α-transition. For the favored case, the transition from the ground state to the bandhead built atop the j orbital in the daughter nucleus generally has the highest decay width, and transitions on excited states of the band form the fine structure of the spectrum. The total wavefunction of the α-daughter system can be assumed to be separable in radial and angular parts and expanded in the angular momentum basis
where the angular components are given by the coupling to good angular momentum between a wave function for the odd-mass daughter nucleus and a spherical harmonic for the α-particle
Here, R = (R, ω) is the relative vector between the two fragments. Each pair of angular momentum values defines a decay channel
The function Ψ must satisfy the stationary Schrödinger equation
with Q α the Q-value of the decay process. The Hamiltonian
features a kinetic operator depending on the reduced mass µ of the system
a term describing the motion of the daughter
and an α-daughter interaction with monopole and quadrupole components
A detailed study of this potential can be found in Ref. [4] . There it is shown that the monopole component has a pocket-like shape
obtained through the matching of a harmonic oscillator to the nuclear plus Coulomb potentialV 0 obtained by the method of the double folding procedure of the M3Y particle-particle interaction with Reid soft core parametrisation (Refs. [19] [20] [21] and the book [1] for computational details).
The number v a acts as a quenching factor of the nuclear force. v a = 1 implies an α-particle existing with certainty, and a value v a < 1 is required in order to simulate the formation of the α-particle on the nuclear surface. Since branching ratios tend to have a weak dependence on this parameter [4] , it can be adjusted in order to reproduce the total decay width Γ [22] . Another possibility is to leave the interaction potential unquenched and to consider the spectroscopic factor
as a measure of the particle formation probability, as in Ref. [23] . The repulsive core on the second line of equation (30) simulates the Pauli principle, namely the fact that the α-particle can exist only on the nuclear surface. Its parameters can be adjusted so that the first resonance in the potential corresponds to the experimental Q-value.
The matching radius R m and the point R min at which the oscillator potential attains the lowest value are found through the method of Ref. [4] , which requires the equality between the external attraction and internal repulsion together with their derivatives. This makes the total interaction continuous and dependent on the repulsive strength a and potential depth v 0 . In our study, a has a fixed value of 50 MeV for all nuclei and v 0 is fitted in each case through the experimental Q-value.
The second term of Eq. (29) is the QQ interaction
with C 0 serving as an α-nucleus coupling strength. The angular functions entering the expansion of Eq. (23) are orthonormal. Using this, one obtains in a standard way the system of coupled differential equations for radial components
with the coupling matrix having the expression
in terms of the reduced radius
Notice that κ I has the same value for all the channels of fixed I, so the supplementary l-index can be omitted both for the wave number and reduced radius. The coupling term of the matrix is found by the same methods as in the previous sections to be
where the curly brackets denote a 9j-symbol. Since the reduced matrix element between the states of the core is a linear function of the deformation [15] , one can express this linearity in terms of an effective α-nucleus coupling strength having a different anharmonic parameter a α
II.4. Resonant states
The measured α-decay widths are by many orders of magnitude smaller than the Q-value. Thus, an α-decaying state is almost a bound state, this being the main reason way the stationary approach is a very good approximation of the emission process. The state can be identified with a narrow resonant solution of the system of equations (33), containing only outgoing components. In order to solve this system of equations we first define the internal and external fundamental solutions which satisfy the boundary conditions
where ε Il are arbitrary small numbers. Here, the channel indexes label the component and L the solution, G Il (κ I R) and F Il (κ I R) are the standard irregular and regular spherical Coulomb functions, depending on the momentum κ I in the channel c, defined by Eq. (35). Each component of the solution is built as a superposition of N independent fundamental solutions. We impose the matching conditions at some radius R 1 inside the barrier and obtain
where N Il,L are called scattering amplitudes. One thus arrives at the following secular equation
The first condition is fulfilled for the complex energies of the resonant states. They practically coincide with the real scattering resonant states, due to the fact that the imaginary parts of energies are much smaller than the corresponding real parts, which implies vanishing regular Coulomb functions F Il inside the barrier. The roots of the equation (40) do not depend upon the matching radius R 1 , because both internal and external solutions satisfy the same Schrödinger equation. The unknown coefficients M Il,L and N Il,L are obtained from the normalization of the wave function in the internal region
where R 2 is the external turning point. From the continuity equation, the total decay width can be written as a sum of partial widths
with v I the centre-of-mass velocity at infinity in the given channel
III. NUMERICAL APPLICATION
All the experimental data with which we have tested the model has been provided by the ENSDF data set maintained by BNL [24] . In this paper we have studied favored transitions in 26 odd-mass α-emitters where the rotational band in which the parent decays is built atop a single particle orbital of angular momentum projection Ω = 1 2 . Additionally, this band must be described in the formalism of an odd nucleon coupled to good angular momentum with a CSM core. The deformation parameter d was obtained by fitting available energy levels relative to the bandhead. A number of about 4 levels is required for the determination of a reliable deformation. As can be seen from Fig. 1 , there exists a deformation range where a large shift of the parameter's value has little impact on the energy levels. Because of this, when fewer energy levels are available, the fit becomes unreliable. In these circumstances we have determined the deformation parameter by studying the systematics of energy levels and deformations for the neighboring nuclei with good experimental data. A quadratic trend is observed in the dependence of the Hamiltonian stregth parameter A 1 on the deformation, as evidenced in Fig. 2 , where we assign the nuclei with separate symbols for each value of Ω . The fitting formula is
2 − 119.283d + 150.409 (44) σ = 68.410, agreeing qualitatively with the similar treatment made for the ground bands of even-even nuclei in Ref. [5] .
The agreement between the ratio of experimental energy levels assigned to the deformation parameter d and the theoretical ratio EI+1 EI is shown in Fig. 3 , with separate panels for different values of Ω.
On the topic of electromagnetic transitions, one notices a surprising lack of measured B(E2) values for odd-mass α-emitters. Only one such value can be found in the database, for the transition 
The difference up to the experimental value can be obtained by tweaking the value of the single particle effective charge q sp 0 , which in this case must be equal to q sp 0 = 7.004 (W.u.) 1 2 . Due to the lack of experimental data, a systematics of single particle effective charges cannot currently be made, but we present predictions for B (E2; Ω + 2 → Ω) values based on the systematics of the collective effective charge from Ref. [5] , together with results concerning energy levels in Table I .
To study α-transitions, we make use of the so-called decay intensities
and we will employ the notation Υ i , i = 1, 2, 3 to refer to decay intensities for the transitions to the first, second and third excited state respectively in any rotational band of bandhead angular momentum projection Ω = 1 2 . Notice that, in principle, each intensity Υ i is given by the sum
where I is fixed by the angular momentum of the daughter nucleus in that particular state and l follows from the triangle rule for the coupling to total angular momentum I P . However, it is sufficient to consider only one l-value for each state. This is due to the fact that the standard penetrability P Il through the Coulomb barrier, defined by the factorization
decreases by one order of magnitude for each increasing value of l. Therefore, one would expect to be able to make a reasonable prediction of the fine structure of the α-emission spectrum using a basis of just four states, one state for the bandhead and an additional state for each excited energy level. In the cases where experimental data concerning the energy of the last state was not available, we used the CSM core + particle prediction provided by the fit of the lower energies. It turns out however that the basis suggested above needs to be enlarged, due tot the fact that the parity of a resonance is fixed by whether the l-values involved are even or odd. Since the interaction (29) conserves parity, one must construct separate resonances of fixed even or odd parity. The even one follows the sequence of minimal l-values in each channel as l = 0, 2, 2, 4, while the odd one follows the sequence l = 1, 1, 3, 3. Thus, each basis of four states having a given parity constructs a separate resonant solution of the system (33). It is important that both resonances are found at the same reaction energy Q α and same QQ coupling stregth C. It is possible to achieve this for the potential of Eq. (30) by adjusting the depth v 0 so that both resonances generated at the same C match in terms of the reaction energy. Using this, one can then tweak the effective coupling strength C of Eq. (37) to simultaneously generate different sets of even and odd resonances for each α-decay process of energy Q α , in an attempt to fit experimental data. One will thus obtain a total of eight radial functions in the solution, four in each resonance, as can be seen in Fig. 4 for the decay process 
We have observed that for 23 decay processes out of the total of 26 studied, C can be tweaked in order to match the experimental value of Υ 1 for a decay width with l = 0 corresponding to the α-transition to the bandhead and the first decay width having l = 2 obtained in the even resonance corresponding to the α-transition to the first excited state. Simultaneously, the ratio between decay widths corresponding to the same l = 0 for the decay to the bandhead and the first value of l = 3 for the decay to the second excited state obtained in the odd resonance yielded a very good estimate of Υ 2 , while the ratio between decay widths corresponding to l = 0 for the bandhead decay and l = 4 for the decay to the third excited state found in the even resonance have given a reasonable value for Υ 3 . One of the exceptions is the decay to the daughter nucleus Am 241 95 , where the available data concerning Υ i , i = 1, 2 suggests a doublet structure in the emission spectrum that can be reproduced by employing the same l = 0 width for the bandhead transition and the two decay widths with l = 2 obtained in the even resonance. The other exception concerns the two Ac isotopes in our data set. In these cases, the decay width of angular momentum l = 0 and the first l = 2 width obtained in the even resonance can be used to reproduce the value of Υ 2 , situation in which the l = 0 width and the second width of angular momentum l = 1 in the odd resonance In Fig. 7 we present in separate panels the values of the intensities Υ i , i = 1, 2, 3 obtained by the method presented above, versus the index number n found in the first column of Tables I and II . With open circles we show experimental data and with filled circles we give the values predicted by the coupled channels method with a particle + CSM core structure model. Dark triangles present the crudest barrier penetration calculation, where the intensities follow from the ratios of penetrabilities computed at the same values of l as in the coupled channels approach
All emission data is presented in Table II . As we mentioned, the spectroscopic factor defined by Eq. (31) accounts for clustering effects. One can define Tables I and II. Open circles denote the experimental data, filled circles are the values predicted by the coupled channels method with a particle + CSM core structure model and dark triangles show the barrier penetration estimates.
partial spectroscopic factors for each channel and the logarithm of the hindrance factor as
This quantity shows the importance of the extraclustering in the decay process to excited states that is not considered within our model. In Fig. 8 we have plotted these logarithms versus the neutron number. It is clearly shown that coupling an α-particle to the daughter nucleus with the required strength needed to reproduce one intensity (usually Υ 1 , with the exception of Ac isotopes where Υ 2 is reproduced) allows one to predict the values of the other intensities within a factor usually less than 3. We note that the universal decay law treated in Refs. [23] and [25] is once again manifested in the dependence of the decay intensities on excitation energies. In Fig.  9 we have represented all of the Υ i values as function of the corresponding excitation energy E i relative to the bandhead for each collective structure analyzed in this paper. We observe a universal linear correlation with parameters Υ i = 0.017E i + 0.169, σ = 0.316.
As a final remark, the logarithm of the spectroscopic factor of Eq. (31) can be represented as a function of neutron number, like in Fig. 10 . This quantity shows a decreasing trend with the neutron number, meaning that the unquenched potential predicts shorter half-lives for heavier nuclei than what is observed experimentally.
IV. CONCLUSIONS
We analyzed the available experimental data for favored α-transitions to rotational bands built upon a single particle angular momentum projection Ω = 1 2 . The nuclear structure was modeled as an odd-nucleon coupled to a coherent state even-even core, the energy levels of each band being fitted through the use of a deformation parameter d and Hamiltonian strength parameter A 1 that is related to the deformation through a quadratic dependence. B (E2) values can be predicted using the systematics of the collective effective charge as function of deformation established in Ref. [5] . In the absence of experimental data that allows the study of the single particle effective charge contribution, it is expected that these predicted values are smaller than what will be observed in reality.
The fine structure of the α-emission spectrum was studied using the coupled channels method, through a QQ interaction tweaked by a coupling strength that behaves linearly with respect to the deformation parameter and reduced width for the g.s.→ Ω transition. The predicted values of the intensities are in reasonable agreement with experimental data, usually within a factor less than 3. With additional developments in the structure part, it is expected that the model will be useful for the study of the case Ω = TABLE II . Sequence of l-values that reproduces the fine structure of the emission spectrum, QQ coupling strength between α-particle and odd-mass daughter nucleus, Q-value for the g.s.→ Ω0 transition, experimental and predicted logarithm of the total half-life in the α-channel, experimental and predicted values for the favored decay intensities to the first three excited states of each rotational band.
